, J. 2014: Indicators of forest biodiversity: which bird species predict high breeding bird assemblage diversity in boreal forests at multiple spatial scales? -Ann. Indicator species have been proposed to be used for revealing common status of ecosystems and their biodiversity. We studied breeding forest birds in southern Finland. Our bird assemblages at several spatial scales. We evaluated statistical models that included 1-5 indicator candidate species, and ranked them according to the Bayesian informaFicedula parva, the pygmy owl Glaucidium passerinum and the three-toed woodpecker Picoides tridactylus were found to be the best multiscale indicators. Models at smaller spatial scales, including several indicator species better explained the total variation in species richness. The indicators mostly revealed properties of the forest site rather than variation in species richness caused by species interactions. Our results show that a suitable set of indicator species may be a useful and quick method for the evaluation of bird diversity in forest environments.
Introduction
Indicators are species whose characteristics, such as occurrence, density or reproductive success are used as indices of attributes too difother species or environmental conditions of interest (e.g. Landres et al. 1988 , Stork & Samways 1995 , McGeoch 1998 , Niemi & McDonald 2004 . Indicator species may indicate overall status of the environment (e.g. Hellawell 1986 , Spellerberg 1991 , Dallinger et al. 1992 , Paoletti & Bressan 1996 , Hilty & Merenlender 2000 or the biodiversity of ecosystems or habitats (e.g. Noss 1990 , Ryti 1992 , Gaston & Williams 1993 , Williams & Gaston 1994 . Several studmore diverse taxonomic groups (e.g. Kremen 1992 , Pearson 1994 , Prendergast & Eversham 1997 , Jonsson & Jonsell 1999 , Gustafsson 2000 , Araujo et al. 2004 , Kati et al. 2004 , Similä et al. 2006 , Brin et al. 2009 , Lewandowski et al. 2010 . Such indicator species or species groups would naturally be very applicable in the practical management of biodiversity and in conservation planning because inventorying and monitoring all taxa is impossible in practical applications (e.g. Verner 1984 , Martikainen et al 1998 , Noss 1999 , Lindenmayer et al. 2000 , Angelstam et al. 2004 , Williams et al. 2006 , Hurme et al. 2008 , Feld et al. 2009 , Blasi et al. 2010 .
Many Fennoscandian forest bird species are rather generalists in their choice of habitat. For these species, differences in assemblage structures are based on general characteristics, such as forest stand age and tree composition (cf. Väisänen et al. 1998 , Svensson et al. 1999 . However, some species are much more demanding in their choice of habitat. In particular, the degree of naturalness, e.g. abundance of large -ences the presence of resident and primary or secondary hole-nesting forest bird species et al. 2006, Roberge & Angelstam 2006 , Roberge et al. 2008 , Jokimäki & Solonen 2011 . Features of the landscape may also be important for the occurrence of especially resident species (Jokimäki & Huhta 1996 , Kouki & Väänänen 2000 , Schmiegelow & Mönkkönen 2002 , Brotons et al. 2003 , Jansson & Andrén 2003 , Huhta et al. 2004 , Sirkiä et al. 2011 .
Our aim was to seek candidate species to serve as indicators of high bird diversity in boreal forests. We set the following two criteria to identify good indicator species: (1) species should explain observed variation in total bird species richness; and (2) explanatory power of the species should be detectable at multiple spatial scales. We did not measure the direct relation between the presence of a potential indicator species and e.g. habitat quality or structure of the forest landscape.
We used presence-absence data of forest bird species from complete mappings of these species. As both spatial and temporal scales affect the occurrence and species richness of birds (Wiens 1989) , and thus the assemblages of potential indicators (e.g. Noss 1990 , Hammond 1994 , Weaver 1995 , Rykken et al. 1997 , McGeoch 1998 , Feld et al. 2009 ), we ranked and compared indicator candidates at various scales, studied their ecological properties, and analyzed separately the effects of site and species on the constancy of the indicator property.
A suitable forest indicator species is expected to explain the variance in total bird species richness at multiple scales, as well as indicate the structure of the forest environment. To explore the indicator value of breeding birds, we evaluated the following hypotheses:
1. Species richness of forest bird assemblages can largely be explained by the occurrence of a few selected bird species that serve as indicators. We explore the best single species and combinations of several (2-5) species in order to explain variation in total species richness of forest bird species. 2. If some species are indicators at several spatial scales they may be considered broadscale key indicator species. We explore potential indicator species at multiple spatial scales. Species that have indicator status at several spatial scales are considered valuable indicator species.
properties of both the habitat and species interactions. While indicator species of high species richness indicate the structure of forest environments, they might also affect species richness directly through positive or negative species interactions. To test the presence of the latter mechanism in the indicator properties of various species, we compare total species richness between replicates of study plots and control for changes in the forest landscape.
Material and methods

Study area
The study area is located in the municipalities of Hämeenlinna (Lammi), Padasjoki and Asikkala in southern Finland (61°15´N, 25°00´E; Fig. 1 ). Its total area is 470 km 2 , 80% of which consist of forests. Spruce-dominated coniferous or mixed mature stands are the most common types of forest. The landscape is a mixture of forests of different ages, agricultural areas, lakes and scattered human settlements with a gradient from a southern agricultural-forest mosaic to northern forest-dominated areas.
Bird data and census methods
All data on breeding birds in this study were collected by the author TP and include a comapproximately 16 000 hours in 1983-2005, when the study area was covered by breedingbird censuses. Censuses were conducted using a usually consisting of 4-5 visits made between late April and late June. Using this highly stand--rate and comparable measures of total species richness of forest birds within study sites (see Pakkala et al. 2006 for a detailed description of the bird data and census methods).
Study design
The occurrence of 81 forest bird species (Appendix) was studied by census mapping at 180 study sites (see below) situated on the corners of 1 ¥ 1 km 2 grid units of the Finnish national coordinate system with zone 27, called KKJ 3 here, within the study area (Fig. 1) . Presences or absences were determined within 10 different radii (100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 m) from the corners of the 1 ¥ 1 km 2 grid, and the determination of presences was based on the locations of territory centres or nest sites of each species. Study sites were selected from the total data set (see Pakkala et al. 2006) to (1) contain complete species information at all study scales (see above), (2) include dominantly forested landscapes so that the proportion of the area of forest land at each of these study scales was at least 50% per site, (3) cover two successive years of each study site, and without any major changes in the forest environment of the surroundings of these sites that could affect numbers and territory locations of the studied bird species.
During the study period, intensive forest management (including clear-cutting) was the main cause for forest changes. A threshold value of 10% of the total land area of clear-cuts between two successive study years was used to select the above-mentioned sites for this study (forest environment data are explained in the next section). Within a single study site, these two successive study years were the same for all study scales. To avoid overlap and decrease dependencies (statistical or ecological) at larger scales, 93 study sites located at least 1.4 km apart were selected from the previously mentioned 180 study sites, and were used in analyses of the 600 and 700 m radii. Respectively, 59 study sites located at least 2 km apart were used in analyses of the 800-1000 m radii (Fig. 1 ). Fig. 1 . Location of the Lammi study area (delineated) with positions of all 180 study sites shown with different symbols as follows: = 59 sites located at least 2 km from each other (used in analyses of all scales), = 34 sites located at least 1.5 km from each other and from previously mentioned sites (used in analyses of 100-700 m scales), and = 87 sites located at least 1 km from each other and from previously mentioned sites (used in analyses of 100-500 m scales). Lakes are delimited by thin black lines and agricultural areas by grey shading. Other areas consist mostly of forests.
Forest and landscape data
on numerical thematic maps produced by the Finnish multi-source national forest inventory (Tomppo et al. 1998 (Tomppo et al. , 2008 (Tomppo et al. , 2009 (Tomppo et al. , 2012 , land 1997), digital topographic maps made by the National Land Survey of Finland, aerial phothe study area. The following land classes and their areas were computed within all radii (100-1000 m): water, agricultural land, open mires, young forests (< 20 years old, including clearcuts) and middle-aged and old forests (> 20 years old; including forests both on mineral and peat soil). Changes in land use and forestry during the study period were also estimated from these data. The land-use and forestry data were selected to match the bird census years of the particular study plots.
Model selection and indicator species ranking
Our goal was to identify those forest bird species whose occurrence best explains total variation in species richness of all the remaining forest bird species. All species occurring at 10% to 90% of the study sites were regarded as potential indicator species at a given scale. At each scale (= radius of the circular study sites) and for all species, the proportion of occurrence of all study sites, p occ were divided into four different classes: common: p occ > 0.9; potential indicator: p occ p occ < 0.1; missing: p occ the presence-absence information of the pooled data of two successive study years (see section 'Study design' above). We compared three different occurrence limits a priori (5%-95%, 10%-90%, 15%-85%; Fig. 2 ), with the selected 10% to 90% guaranteeing adequate numbers of both potential indicator species at all scales ( Fig.  2 ) and in different classes of regression models used in the model selection procedure (Appendix, see below). At each of the ten spatial scales, we evaluated all possible combinations of models with observed presences of 1-5 potential indicator species as explanatory variables in ordinary multiple regression models. The response variable was observed species richness, excluding the species occurring as predictors in that particular model. The response was normalized to zero mean and unit variance to make the residual variance directly proportional to the amount of explained variance, and hence the models comparable. All possible models were then ranked by their parsimony, measured as the Bayesian information criterion (BIC, also known as the Schwarz (Akaike 1978 , Johnson & Omland 2004 can be interpreted as an approximate probability that model i is the most parsimonious one for explaining the observed data, given the candidate set of 20 (Table 1) for each indicator bird species present in any of the twenty best models. These scores, the relative importance of each indicator species, Table 1 . Indicator species that were selected to models explaining most of the total variation in species richness of forest birds. Species ranking was based on scores that represent the relative support of the species in question being present in the best model. The scores were calculated as summed BIC-weights for those top 20 models (from indicator species with their scores in models with 1, 2, 3, 4 or 5 indicator species are shown. If there were even scores, the species were then ranked by their order of appearance in the best 20 models. were calculated as the sum of the above-mentioned weights over all of the 20 models in which the species in question appeared (Burnham & Anderson 2002 , Johnson & Omland 2004 . We then ranked all indicator species present in the 20 best models (as predictor variables) by their scores in each category of 1-5 indicator spein each category and at each scale (Table 1) for closer investigation. All statistical analyses were performed with MATLAB (MathWorks Inc., Natick, MA).
mechanism for indicator property
Although the best indicator species may explain a relatively large part of the variation in species richness, other environmental factors than the presence of the indicator species itself (e.g. habitat quality) are likely to be of high importance. To study the role of the indicator species pres--(among the models of one indicator species) at all spatial scales and compared the differences in changes of species richness between two successive study years. We restricted the comparisons to sites where the indicator species was present at least during one study year and made comparisons using three different conditions: (1) the absent in the second; (2) the indicator species is present in both periods; and (3) the indicator spesecond. If the indicator species as such (by species' interactions) is important, changes in total species richness between the previously mentioned three classes should differ: in class 1 we should, in general, expect a decrease and in class 3, respectively, an increase in species richness. Class 2 acts as a control group without change in the effect of the indicator species. These different situations were thought of as random treatments and the differences in response, i.e. change in species richness, were studied by one-way analysis of variance (separately for all scales). The null hypothesis -equal average change in species richness for all treatments -implies that possible indicator properties are because of habitat characteristics alone. Imperfect detection of species presence will weaken the power of this test (increase the risk of type II errors).
Results
Numbers of potential indicator species at various spatial scales
The total number of potential indicator species was rather constant and ranged between 24 and 31 at various scales (Fig. 3) . At scales from 300 m upwards, total species richness and the proportion of potential indicator species remained relatively stable (Fig. 4) . There was, however, a turnover of species composition within the class of potential indicator species with increasing scale, as the proportion of common species increased and that of rare species decreased, respectively (Fig. 4) . With increasing scale and reasonably large areas covered, the proportions of common, indicator, and rare species tend to reach, in general, proportions 50%, 35%, and 15% of the total species number, respectively (Fig. 4) .
The best set of indicator species
We found several suitable indicator species that depended both on the spatial scale and on the number of indicator species in the respective model (Table 1 and Appendix). By selecting the in each model category of 1-5 indicator species, the total number of selected indicator species varied between 8 and 12 between different spatial scales (Table 1) . It is not, however, straightforward to rank these forest bird species by their overall indicator value. Based on the scores, i.e. the relative importance of selected indicator species, it can be observed that most models at various scales contain typically only 2-3 "important" species (Table 1) . Also, in models with Fig. 3 . p occ p occ p occ > 0.9) forest bird species of all forest bird species at various spatial scales and total species richness of all study sites at respective scales. Data of two successive years of each study site were pooled. The total area studied at each scale is also shown. Note that the number of study sites varies with scale (cf. Appendix) and because of pooling the data, areas of two study years are summed together. At scales from 300 m upwards, total species richness and the proportion of potential indicator species remains relatively stable. There is, however, a turnover of species composition within the class of potential indicator species with increasing scale, as the proportion of common species increases and that of rare species decreases, respectively. Number of indicator species species, even a potential indicator, to enter the model if another species with a very similar spatial occupancy pattern has already been selected to the same model. However, there were some species that were selected to several of the bestindicator models and these species were also among the best single-indicator species at various scales. We can, thus, consider these species strong candidates for broad-scale key indicators of forest bird species richness.
The most important species included the redindicator species at all scales between 300 and (top-5) at six of these scales, the pygmy owl Table 1 ). Pooled data of two successive study years and the same 59 study sites (cf. Fig. 1 ) at all scales were used. Both BIC and r 2 depended highly significantly on scale and on the number of indicator species in the model. In general, models at smaller scales and with several indicator species better explained total variation in species richness. However, species richness is lower at smaller scales, and the potential indicator species change with increasing scale (cf. Appendix), which affects the results. Note that the direction of vertical axes in the upper panel ("Mean BIC") is reverse to ensure better comparability between the two panels.
(indicator species at scales 300-800 m; top-5 (indicator species at scales 400-900 m; top-5 at there were other noteworthy species, namely the brambling (Fringilla montifringilla) (indicatop-5 at four scales), the swift (Apus apus) (indicator species at six of the scales of 400-1000 m; top-5 at two scales) and Tengmalm's owl (indicator species at scales 400, 600 and 700 m; top-5 at all of these scales).
Besides the above-mentioned indicator species, there were noticeable single indicator species at smaller scales (100-300 m), including the hazel grouse, the woodpigeon Columba palumbus, the blackbird Turdus merula, the wood warbler Phylloscopus sibilatrix -catcher Muscicapa striata Ficedula hypoleuca, the coal tit Parus ater, the treecreeper Certhia familiaris and the siskin Carduelis spinus. The blue tit Parus caeruleus was also selected to indicator models at all scales where it was a candidate species (100-300 m). At the mid-scales (400-600 m), the green sandpiper Tringa ochropus was an important single indicator species (at 400 and 500 m), and at large scales (700-1000 m) the goshawk, the buzzard Buteo buteo, the black grouse, the capercaillie, the wryneck Jynx torquilla, the grey-headed woodpecker Picus canus, the parrot crossbill Loxia pytyopsittacus, the two-barred crossbill Loxia leucoptera and the rustic bunting Emberiza rustica single species indicator models (see Appendix).
There were also some species that were not models at any scale, but were important in respective models with several species. These species include the redwing Turdus iliacus (at 100 m), the redstart Phoenicurus phoenicurus (at 300 m), the hooded crow Corvus corone -fare Turdus pilaris (at 600 and 900 m), the golden oriole Oriolus oriolus (at 800 m), the lesser spotted woodpecker (at 1000 m) and the honey buzzard Pernis apivorus (at 1000 m).
Because the occurrence of potential indicator species was restricted between 10% and 90%, rare species such as some hawks and owls, the white-backed woodpecker, the Siberian jay Perisoreus infaustus Tarsiger cyanurus did not have the possibility to be potential indicator species in this study. Likewise, some relatively common species were potential indicator species only at a restricted number of scales (see Appendix).
Variation in species richness: indicator property
When we compared mean changes in species richness between groups with variations in the presspecies candidates at all scales were selected; see above and Table 1) , we found only 8 of 43 statisti-(p < 0.05; Table 2 ). After adjusting for multiple comparisons using the Bonferroni correction ( = -ferences. A more detailed analysis of the eight sigdifferences between the above-mentioned three classes did not form a homogenous pattern. There were two obviously negative impacts of small owls (pygmy owl: 300 m scale and Tengmalm's owl: 400 m) and six positive impacts of passerine 500, 900 and 1000 m; parrot crossbill: 800 m). In addition, the woodpigeon had a positive impact on species richness at the 300 m scale. However, adjusted p value, three concerned positive effects of the brambling on species richness, and one negative effect of the pygmy owl.
Capturing variation in species richness: effects of scale and the number of indicator species determination (r 2 ) for the 20 models that, in relation to their complexity, best explained the total variation in species richness of forest birds. To exclude the effects of sample size, the same 59 study sites (Fig. 1) at all scales were used and Table 2 . Tests for explicit effects of the best single indicator species' presence (species are listed in Table 1 ). Differences in changes of species richness between two successive study years were compared using three different second ("01"). If the indicator species is having a positive effect there should be a decrease in species richness in condition 1, and an increase in condition 3 compared with condition 2 that acts as a control group. The opposite pattern should be found in the case of a negative effect. Differences between changes in species richness (in one year) were studied by one-way AOV at all scales. N 10 , N 11 and N 01 show the sample sizes in each of the three p compared with the respective adjusted p value after the Bonferroni correction, p = 0.0012 ( = 0.05; the number of more important in explaining species richness than species interactions. The direction (impact: positive or negative) AOV; BIC: F 9,36 = 25.0, p < 0.001; r 2 : F 9,36 = 39.7, p < 0.001) and on the number of indicator species in the model (two-way AOV; BIC: F 4,36 = 106.4, p < 0.001; r 2 : F 4,36 = 489.6, p < 0.001). In general, models at a smaller scale and several indicator species better explained total variation in species richness than models at larger scales with one or two indicator species (Fig. 4) . As measured by r 2 , total variation explained by the occurrence of indicator species increased from an average of 12% in single-species models to an three indicator species explained variation in species richness reasonably well, on average 48%. The scales of 100, 200, 400 and 500 m had -ever, species richness was lower at smaller scales and the potential indicator species changed with increasing scale (Table 1 and Appendix), which affected the results and makes direct comparisons more complicated.
Discussion
Key indicators of forest bird species richness
In this study, top indicator species candidates , and the three-toed woodpecker. These species are all hole-nesters and prefer structurally complex mature or old-growth forest environments (von Haartman et al. 1963 -1972 , Dementev & Gladkov 1966 , 1968 , Glutz von Blotzheim & Bauer 1980 , 1993 , Mikkola 1983 , Väisänen et al. 1998 , Winkler & Christie 2002 , Taylor 2006 . Earlier studies within the same study area also stress the similarities in spatial patterning and habitat use of these three species: the densities of all three species were observed to be their surroundings compared to non-lek control areas (Pakkala et al. 2003) . Densities of three--cantly higher also at goshawk nesting areas compared to non-goshawk control areas (Pakkala et al. 2006) . The territory distribution of the three-toed woodpecker within the total study area was found to be uneven and aggregated in large mature forest areas with highest densities in old-growth forest patches (Pakkala et al. 2002) , mainly similar to the respective patterns Pakkala unpubl. data).
The three-toed woodpecker is considered an important indicator species of forest landscapes (e.g. Angelstam 1992 , Imbeau 2001 , Bütler et al. 2004 , Roberge et al. 2008a . The pygmy owl is intimately associated with three-toed wood-
Indicators of bird species richness 469 peckers in forest environments (e.g. Pakkala et al. 2006) , and as seen above, all of the six top indicator candidate species mentioned above show aggregated distribution patterns and also have their highest densities approximately in the same parts of our study area that indicates also the potential "true" indicator value of all these species. The second best set of three broad-scale indicator species includes the brambling, the swift, and Tengmalm's owl. Tengmalm's owl and the swift are both hole-nesters, Tengmalm's owl prefers structurally complex mature forests (e.g. Mikkola 1983 , Korpimäki 1988 , whereas the Finnish forest population of the swift usually breeds in large and old trees near borders of mature forests or in clear-cut areas (von Haartman et al. 1963 -1972 , Väisänen et al. 1998 .
Overall, quite a few species were selected in the best indicator species models, with some turnover at changing spatial scales. However, as several technical aspects affect the selection procedure simultaneously in a complicated manner, we prefer to interpret the results as an overall view and introduce the most suitable indicator species candidates rather than strictly rank these species by their indicator property. It is noteworthy that with increasing spatial scales from 100-300 m radius, approximately the ecological scale of the territory size of many forest passerines, to larger scales (800-1000 m radius) corresponding to the territories or areas of larger species e.g. hawks, owls and large forest grouse, there is simultaneously a smooth shift from the smaller forest stand scale to the local landscape scale with a mosaic of forest patches. We could reason that apart from being indicators of total variation of species richness, the selected indicator species the forest environment. These scales are respectively connected to small-scale elements like possible structural complexity of nest-sites, habitat structure of the territory, or large-scale properties of the forest landscape, e.g. the amount of mature forest area. The observed spatial patterns of the above-mentioned indicator species are in turn closely connected to the biotope and landscape structure of the study area, but these relations are not analysed in this study. In practical situations, e.g. when assessing forest bird diversity and its development using indicator species, habitat structure and information about the ecological scales of patterns and dynamics of forest landscapes in question are of importance.
Scale-dependency of the indicator property
Although variation in the total number of potential indicator species is relatively restricted at various study scales, and their proportion, as well as total species richness tends to stabilize with increasing scale, there is considerable turnover of indicator species candidates at different spatial scales. This scale-dependent variation in the composition of possible indicator candidate selection procedure of suitable indicator species, sample size, and the scale itself (connected to the structure of the forest environment of the study area), which in turn affects the probabilities of the species to be selected as an indicator.
potential indicator species, in combination with our study design of multiple spatial scales, leads to a situation where the number of potential indicator species peaks at intermediate scales. At small spatial scales with smaller total areas covered, some potentially relevant species may be missing or are too rare to be selected as indicator candidates; and correspondingly, at larger spatial scales, many candidate species occupy most or all study sites and are therefore not considered as potential indicators in this study. There are, however, complementary approaches by which rare or common species could be considered as indicator species.
Rare species are, in general, problematic because standard systematic, random, or even can lead to statistical problems (e.g. Gaston 1994, Thompson & Seber 1996 , Thompson 2004 , Guisan et al. 2006 . Rare species can, however, be interesting potential indicator spe--niques including e.g. adaptive cluster sampling, spatial predictions based on niche-based distribution models or subjective sampling based on information about the species and study areas can be applied (e.g. Ståhl et al. 2000 , Ferrier 2002 , Thompson 2004 , Guisan et al. 2006 , Hedgren & Weslien 2008 . Within our study area with explicit information about the locations of territories or nest sites of forest bird species, we could e.g. focus also on these respective sites of the rare species, apply our screening procedure, and then estimate the potential indicator species.
Indicators in forest environments: site or species?
Overall variation in bird species richness in forest environments is a function of temporal in population densities of individual species. These patterns are affected by a large range of different factors, such as habitat use, site-tenacity and species interactions (cf. Wiens 1989 , Haila & Järvinen 1990 , Haila et al. 1996 . A or "predicts" well the observed variation in species richness, but is this explanatory power connected to the presence of the indicator species per se or some other factors related to the biotic or abiotic environment? We assumed that habitat changes between the two successive study years are minor, as only pairs of observations without major anthropogenic alteration of the habitat (forestry) were included in our analyses. There are still, however, mechanisms through which total species richness can be changed between years without a noticeable change in the structure of the forest environment of the study site, e.g.:
(1) simultaneous population dynamics of several breeding bird species caused by external effects, e.g. food availability or weather conditions, (2) changes in the forest landscape at broader spatial -pancy of several species within the study area, affect several breeding bird species.
Of the previously mentioned mechanisms, we consider 1 and 2 as generally plausible, but in practice probably causing minor effects on variation in total species richness between two successive years, because the study period covers a long, 23-year time interval with study sites censused asynchronously in space and time. Explanation 3 mainly concerns predation, modify annual species composition and territory locations of local forest bird assemblages (e.g. Wiens 1989 , Hakkarainen & Korpimäki 1996 , Forsman et al. 2001 , Mönkkönen & Forsman 2002 , Hakkarainen et al. 2004 , Pakkala et al. 2006 . Possible positive effects of the indicator species itself is a special case of explanation 3.
The comparison of changes in total species richness between two successive study years and with the simultaneous change in the presence of an indicator species revealed, in general, only minor effects of the role of indicator species itself to the variation of total species richness. Apart from a few, seemingly occasional positive impacts, we found only two negative impacts namely those of pygmy and Tengmalm's owls and three positive impacts of the brambling that can be of ecological relevance. The negative effects were observed at the smallest spatial scales (pygmy owl 300 m radius; Tengmalm's owl 400 m radius) where these species were indicator candidates, corresponding to the territory sizes of the species' passerine prey. Corresponding negative effects were not detected at larger scales (pygmy owl: 400, 500, 700 m; Tengmalm's owl: 600, 700 m radius) where comparisons were made (Appendix). Pygmy and Tengmalm's owls are hole-nesting species preferring mature and structurally diverse forest environments (see above), and they can have negative effects on species among the holenesting forest bird guild and affect spatial distributions of their prey, above all passerines (e.g. Forsman et al. 2001 , Mönkkönen & Forsman 2002 , Pakkala et al. 2006 .
The brambling, also one of the top indicator species candidates, was the only species analyzed that showed broad-scale positive effects by 1983, 1985) and can select suitable areas that could be suitable also for other species, and the observed positive effects of brambling could be connected to spatially synchronous dynamics of several species (which is not explicitly studied here). It is possible that besides independent, spatially synchronous dynamics some hetero- We conclude that the indicator species in our study seem to indicate mostly the site in question rather than the respective species assemblage. We believe that the above-mentioned results also provide support for using pooled data. By combining data from successive years (and without changes in the forest environment, as in our case) more reliable results are obtained, e.g. decrease biases in the results due to present, but undetected species (e.g. Kodric-Brown & Brown 1993 , Remsen 1994 , Blackburn & Gaston 1998 , de Silva & Medellin 2001 , Thomson et al. 2005 , Urban et al. 2012 .
Conclusions
In general, our results are very promising. We -catcher and the pygmy owl that are also known to indicate or have close connections to habitat quality and structure of the forest environment. These key-indicator species were also good indicators at many spatial scales that are important in forestry, which makes their use logistically applicable.
Appendix. The occurrence of 81 forest bird species with a permanent territory within the study sites of the study area. At each scale (= radius of the circular study sites) and for all species, the proportion of occurrence of all study sites, p occ were divided into four different classes: C (= common): p occ p occ p occ p occ = 0. Those species that were selected to the best models as indicator species at the respective scale are marked with "I I*" (cf. Table 1 ). Occurrences were calculated by pooled data of two successive years of each study site. At each scale, the number of study sites, areas of study units and mean number of species/study unit, total number of species and numbers of species in each occupancy class are also shown. 
